A B S T R A C T The depletion of articular cartilage in the afflicted joints is a primary clinical feature of osteoarthritis. This disorder has been linked to a disturbance in the metabolism of the extracellular matrix components of this tissue. The mechanisms involved in the regulation of sulfated proteoglycan metabolism in articular cartilage were therefore studied by measuring the biosynthesis and distribution of 'S-labeled glycosaminoglycans in chondrocyte cultures derived from normal and osteoarthritic tissue. Incorporation experiments were carried out at pH 7.0 with ["S]Na2SO4 in the presence of fetal calf serum, human serum from normal or arthritic individuals, or a combination of these.
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In the presence of heat-inactivated human sera, osteoarthritic chondrocytes incorporate about two times as much of the available sulfate into macromolecules as do normal chondrocytes. The deposition of newly synthesized sulfated macromolecules into the cell layer by these cells is lower, however, than that by normal cells.
In cultures of normal human chondrocytes, noninactivated sera from individuals with osteoarthritis stimulate sulfated proteoglycan biosynthesis more than equal concentrations of normal sera. The fraction of the newly synthesized material deposited into the cell layer was found to decrease with increasing serum concentrations. In the absence of serum, a 5-to 10-fold increase in deposited sulfated macromolecules was found. The distribution within the cell layer between intra-and extracellular sites also was monitored by serum factors. Heat inactivation of the human serum component of the medium resulted in a 50% decrease in intracellular retention. These data suggest that biosynthesis of sulfated proteoglycans and their retention in the matrix are modulated by cell and serum factors. Despite an increased uptake of radioactively labeled inorganic sulfate by osteoarthritic chondrocytes in cell culture, a lower rate of INTRODUCTION Osteoarthritis is characterized in part by the destruction of articular cartilage in the afflicted joint. A suggested sequence of events includes the activation of the degradative enzymes in this tissue by some traumatic event, resulting in loss of joint surface tissue. Little is known about the histologic and biochemical events that initiate these processes. A concurrent stimulation of an intense repair mechanism that causes increased cell replication and synthesis of matrix material is not sufficient to offset the eventual tissue depletion (1) .
To facilitate the study of this disorder, chondrocyte cultures derived from articular cartilage of normal and afflicted individuals were established for measurement of sulfated proteoglycan metabolism in the presence of normal or osteoarthritlc human serum.
Since previous studies from these laboratories had shown that sulfated proteoglycan metabolism in chondrocyte cultures was strongly influenced by environmental pH, and particularly that release of incorporated sulfate by the cell layer was inhibited in the alkaline pH range, these studies were all conducted at pH 7.0.1 We report here increased net biosynthesis accompanied by a reduced deposition into the cell layer of sulfated proteoglycans by chondrocytes derived from osteoarthritic human articular cartilage. Similar changes resulting from the inclusion of arthritic serum in the medium when normal chondrocytes were used will also be described. METHODS Human serum. Serum was obtained either from outpatients or from hospital patients shortly after admission and before administration of prophylactic antibiotics in preparation for surgery. Donors were selected from patients with idiopathic osteoarthritis. Individuals with known ' Submitted for publication. AmM HEPES buffer (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) was included to maintain the environmental pH to +0.1 U. In a typical experiment, 24 Leighton tubes were set up from a large Falcon flask. The medium was replaced on days 3, 7, and 10. The medium was removed 24 h later (day 11) and 1 ml of sulfate-free, supplemented F-12 medium containing carrier-free Na2SO4 (ca. 40 ,uCi/ml) was added to each tube for 48 h. When either protein-free or serum concentrations in the medium greater than 15%o were required, inoculation of the entire series of tubes was performed in pH-adjusted F-12 medium containing 10% FCS. Media containing the varying human serum concentrations, or an absence of serum, were then introduced on day 3 and wvere used for feeding on days 7 and 10, as above. Glycosaminoglycan metabolism was studied according to the method described by Fratantoni, Hall, and Neufeld (2) with some modifications. Tables II and V7I were conducted as described above except that the reaction vessels were 25-cm2 Falcon flasks, and 4 ml of medium was used. Triplicate determinations of normal and osteoarthritic cells were made in each experiment.
The experiments described in
At the end of the 48-h incubation period, the medium was removed and dialyzed at 4°C for 6 h against 0.1 M (NH4)2SO4, followed by extensive dialysis against distilled water. The cell layer was washed with Gey's salt solution, Qualitative analyses of the newly synthesized glycosaminoglycans were performed by chromatography on DEAE cellulose (4). The dialyzed medium and trypsin fractions were digested with papain (0.25%) at 650C for 18 h in 0.1 M phosphate buffer, pH 6.5, containing 0.01 M cysteine and 0.01 M EDTA. The proteins were precipitated with trichloroacetic acid (TCA) at a final concentration of 5%, and the supernate was dialyzed to remove the TCA. Glycosaminoglycans were then precipitated with 3 vol of sodium acetate-saturated absolute ethanol at 0°C. The precipitates were washed with absolute ethanol, ethanol: ether (1: 1), and ether, freeze-dried, and resuspended in a small volume of water for subsequent ion-exchange chromatography. Protein-free preparations were also analyzed by electrophoresis on cellulose acetate strips by the method of Wessler, with barium acetate buffer (5). The strips were stained with 0.05% alcian blue in 95% ethanol saturated with sodium chloride. The isolated polysaccharides were further identified by their susceptibility toward treatment with chondroitinases ABC and AC and chondro-4-and chondro-6-sulfatases (6).
Calculations. The total radioactivity incorporated per experiment was calculated by adding the 35S counts per minute in the dialyzed medium and trypsin fractions to those found in the ethanol extract and dissolved cell solutions. That part attributable to the cell layer equals the total radioactivity minus the amount contributed by the dialyzed medium fraction. All results are the averages of duplicate or triplicate experiments.
RESULTS
On chromatography, more than 80% of the sulfate-labeled glycosaminoglycans from the medium and cell layer fractions were eluted in the chondroitin sulfate fraction. No significant quantitative difference was discerned between material synthesized in the presence of normal or osteoarthritc serum. On electrophoresis, the material migrated as chondroitin sulfate. Quantitation of chondroitin 4-and chondroitin 6-sulfate by the method of Saito, Yamagata, and Suzuki (6) Table III . The former was supplemented with 5% inactivated FCS to bring the final serum concentration to 10% also. On the average, 5 and 10% osteoarthritic serum increased the biosynthesis 50 and 100% over the normal control value, respectively. These increases were statistically significant with both 5% (P < 0.01) and 10% (P < 0.002) human serum present in the medium. A comparable rise was not observed when heat-inactivated human serum was used. It is therefore unlikely that the observed difference was due solely to variations in the existing somatomedin levels, since this polypeptide has been reported to withstand boiling temperature (7) .
Cellular patterns
The integrity of chondrocyte culture systems, particularly with respect to phenotypic expression on cell passage, has been investigated in many laboratories (8) (9) (10) . Sulfated proteoglycan biosynthesis by third and fifth passage chondrocytes derived from the same cell line is shown in Table IV. In the presence of identical concentrations of arthritic or arthritic and normal serum, the fraction of available 'SO4 incorporated from the labeling medium per unit of cell protein was similar for the two cell culture systems. The mechanisms operative in the biosynthesis of sulfated macromolecules appear to be conserved in the processes of cell passage used in our laboratories. Statistical analysis of data: to determine whether the distribution was significantly different in the normal and osteoarthritic cell line, a two-way analysis of variance was applied to the data. In the presence of normal serum, the fraction deposited in the cell layer was significantly higher in normal cells (P < 0.001). Similarly, the fraction deposited in the cell layer of normal cells was also significantly higher (P < 0.001) in the presence of osteoarthritic serum. Although variation in the concentration of normal serum in the medium had no effect, a larger proportion of the sulfated proteoglycans was deposited in the presence of the higher level of osteoarthritic serum (P < 0.005). OA, osteoarthritis; PG, proteoglycan. * Heat-inactivated at 56°C for 30 min. Average value for duplicate determinations. § Supplemented with 5% inactivated FCS. ll Patient P. G. The uptake of 'SOs increases with increasing concentrations of osteoarthritic human serum (Table IV) . A similar increase in the incorporation of 'SO4 with increasing levels of normal human serum was also observed (data not given). This effect may result from higher levels of somatomedin, introduced into the test media by the greater concentrations of human sera present. newly synthesized sulfated proteoglycans were found in the medium fraction when the experimental procedures described in the Methods section were followed. The remainder, about 15%, was found in the cell layer (Table V) Table VI , where deposition of sulfated proteoglycans into the cell layer is given on a protein basis. These data are derived from three sets of experiments pairing a different normal and a different osteoarthritic cell line in each set. Deposition of sulfated macromolecules into the cell layer was always higher in the normal cell line.
Serif n effects. In addition to cellular effects, the deposition of newly synthesized sulfated macromolecules into the cell layer was also modulated by the concentration of serum present in the medium. In the absence of serum, the fraction deposited per microgram of cell protein was several-fold higher than when proteinsupplemented medium was used (Table VII) .
At low concentrations of noninactivated serum (5-8%), the fraction deposited into the cell layer was significantly greater than with higher concentrations (10-18%) of serum (P < 0.001). The relative decrease in the deposition of newly synthesized materials into the cell layer was observed with a variety of test systems, which included the use of three different cell lines and one normal and four osteoarthritic serum specimens. Statistical analysis showed that the concentration-dependent deposition into the cell laver was independent of the serum origin (P > 0.05) or the cellline history (P NS).
Intracellular accumulation
The distribution of newly synthesized sulfated macromolecules within the cell layer also appeared to be de-)endent on serum components in the culture medium.
The fraction of total labeled proteoglycans in the cell layer retained intracellularlv wsvas approximately two times greater in the presence of noninactivated compared with heat-inactivated human serum (Table VIII) .
The higher intracellular accumulation was evident in the presence of both noninactivated normal (P = 2.5 X 10-4) and noninactivated osteoarthritic sera (P =3.6 X 10-3). This suggests regulation of product release by circulating factors at the cellular level.
DISCUSSION
The biochemical events preceding and accompanying the disintegration of articular cartilage in osteoarthritis have been widely investigated in various experimental animal models of degenerative joint disease and numerous human cases. Differences in proteoglycan composition (11), collagen structure (12) , and lysosomal enzyme activities (13) (14) (15) A unifying hypothesis for the biochemical basis of osteoarthritis will need to include the role played by circulating serum factors. Increased biosynthesis of sulfated proteoglycans, as reflected in elevated sulfate uptake, also was observed in the presence of sera from osteoarthritic patients when compared to sera from agematched controls. The increase as measured in normal chondrocyte culture systems was found to be concentration dependent.
The higher rate of sulfated proteoglycan biosynthesis seen in the presence of osteoarthritic sera could result from interactions with one or more serum components. Since the increase was not found with heat-inactivated serum, it is unlikely that a difference in the somatomedin level per se was the determining factor. It is possible, however, that variation in the concentrations of other polypeptides may be responsible for the measured difference. It has recently been shown, for example, that insulin and somatomedin bind competitively to chondrocytes (19) . Whether the newly described family of "growth-promoting" substances are synthesized by chondrocytes themselves is unclear at this time.
The question of whether osteoarthritic serum causes an excessive reduction in the deposition of newly synthesized sulfated macromolecules into the cell layer is more difficult to 
